). We next examined the neuin Head Formation ralizing activity of Shisa in the animal cap assay, which is To identify novel genes involved in vertebrate head foralso one of the most sensitive assays for BMP signaling mation, we performed a cDNA subtraction screening inhibition. Animal cap explants from 200 pg shisa RNAand isolated genes expressed in the Xenopus anteriorinjected embryos did not express the neural markers dorsal endomesoderm at the mid-gastrula period (see
NCAM and N-tubulin (data not shown), indicating that Experimental Procedures). One of the genes isolated
Shisa has little or no neuralizing activity and is not an showed specific expression in the prospective head eceffective inhibitor of BMP signaling. Injection of shisa toderm and the organizer (see below) and was named RNA into the ventral marginal zone did not induce secshisa (after a form of sculpture, common to southern ondary axes (data not shown), but coinjection with RNA Japan, with a large head similar to the Egyptian sphinx).
for Figure S1 at http://www. ing, factor in Xenopus embryos. cell.com/cgi/content/full/120/2/223/DC1/). Shisa contains a signal peptide and two cysteine-rich domains in the amino-terminal half (Cy1 and Cy2 in Figure 1A ). There Shisa Antagonizes Wnt and FGF Signaling is a hydrophobic region at the amino-terminal to the The induction of secondary heads is also observed in Cy2 region (Supplemental Figure S1 ) that is potentially embryos that receive a ventral coinjection of both BMP a transmembrane domain. While the sequence of the and Wnt inhibitors (Glinka et al., 1997) . The reduction amino half was well conserved over the species, that of of trunk and tail mesoderm, and the suppression of carboxy half was divergent (Supplemental Figure S1) ; the Xbra expression, are seen in embryos expressing a no known protein motifs or conserved amino acid sedominant-negative FGF receptor (dnFGFR) (Amaya et quences were observed. Shisa was found to be secreted al., 1991). These previous reports, together with the phefrom HEK 293T cells ( Figure 1B) Figure 1E ). shisa expression increased expression ( Figure 2H, lane 7) . However, Shisa did not inhibit Xnr-3 expression induced by overexpression of during gastrulation and decreased during early neurulation. Whole-mount in situ hybridization revealed that Dsh, dominant-negative GSK3␤ (dnGSK3), or ␤-catenin ( Figure 2H , lanes 8-10), indicating that Shisa inhibits the the maternal shisa transcript was detected in the entire animal hemisphere (data not shown). Zygotic shisa excanonical Wnt pathway upstream of Dsh. Treatment of animal caps with Activin induced the pression was initiated at the onset of gastrulation and was detected in the deep endomesoderm of the upper expression of both Xbra and the endodermal marker mix2, which is a direct target of Activin (Nodal)/Smad2 dorsal lip, the Spemann organizer ( Figure 1F ). With the progress of gastrulation, shisa expression occurred in signaling (Chen et al., 1996) . Cooperation of Activin (Nodal) and FGF signals is required for Xbra induction the anterior neuroectoderm; it was first detected in the deep layer of neuroectoderm and after the mid-gastrula-(Cornell and Kimelman, 1994; LaBonne and Whitman, 1994). Shisa inhibited Activin-induced Xbra expression tion it was also detected in the superficial layer ( Figures  1G, 1H, and 1J-1L ). The expression in endomesoderm but not mix2 ( Figure 2I , lane 4), suggesting that Shisa does not inhibit Activin signaling directly but rather inconcomitantly became restricted to the future prechordal plate territory ( Figure 1G ). At the mid-neurula hibits an event downstream of the Activin (Nodal) signal. The suppression of Xbra induction by Shisa was not stage, the ectodermal expression declined ( Figure 1I ), while that in the prechordal plate persisted until the latethrough inhibition of Wnt signaling, as overexpression of the Wnt inhibitors Dkk-1 and Frzb-1 showed little or neurula stage (data not shown). 
a dominant-negative BMP receptor (tBR) induced The open reading frame of shisa consists of 269 amino secondary heads with an enlarged cement gland and acids (GenBank accession number AY579372). Datatwo eyes (Figures 2F and 2G). These data indicate that base searches revealed homologs in human, mouse, Shisa is an anteriorizing, but not a dorsalizing or neuralizand zebrafish (Supplemental

Shisa Inhibits Wnt Signaling in Responding Cells
T, construct used for transfection. (J-O″) Confocal immunofluorescent images of HEK 293T cells. Phase contrast images were (J), (K), (L), (M), and (N). ER was marked by DsRedER in (J″), (K″), (L″), (M″), and (N″). (J-Jٞ) Transfected with fz8-GFP (green) (cell surface expression of Fz, n ϭ 100, 98%). (K-Kٞ) Transfected with fz8-GFP and shisa (ER retention of Fz, n ϭ 100, 90%). (L-Lٞ) Transfected with fz8-GFP and shisa-KDEL (ER retention of Fz, n ϭ 100, 84%). (M-Mٞ) Transfected with fz8-GFP and 5H-shisa (cell surface expression of Fz, n ϭ 100, 92%). (N-Nٞ) Transfected with lrp6-GFP and shisa (cell surface expression of Lrp6, n ϭ 100, 86%). (O-O″)
Transfected with fz8-HA and shisa-myc (colocalization, n ϭ 100, 84%). Cells were transfected in an 8-well glass chamber with DNAs: fz8-GFP, 2 ng; Lrp6-GFP, 2 ng; fz8-HA, 2 ng; shisa, 50 ng; shisa-KDEL, 50 ng; 5H-shisa, 50 ng; shisa-Myc, 50 ng; pDsRed-ER, 10 ng. serve as a valuable system for assaying the functions of ( Figures 5D and 5E ). We further examined surface exendogenous Shisa. In these explants, Fz8-GFP localized pression of the larger and smaller Fz proteins by the both in the cytoplasm and on the cell surface ( Figure 6G ). biotinylation of cell surface proteins. Only the larger form Injection of shisa-MO markedly reduced the cytoplasmic of Fz8 protein was labeled with biotin, indicating that accumulation and enhanced the cell-surface expression the larger Fz8 protein is a mature form expressed on of Fz8-GFP in the explants (Figure 6H) , suggesting that the cell surface ( Figure 5F ). Taken together with the endogenously Shisa is involved in the regulation of cellimmunofluorescence data (Figure 4) , we conclude that surface expression of Fz in the neuralized ectoderm. We also confirmed that the loss of endogenous Shisa Shisa interacts with the immature forms of Fz proteins, Table S1 . PCR products were analyzed on 2% agarose gels with ethidium bromide staining.
